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How Dry is the Tropical Free
Troposphere? Irnplications .......

for Global Warming Theory

Roy W. Spencer* and William D. Braswell ÷

ABSTRACT // / " ....

The humidity of the free troposphere is being increasingly scrutinized in climate research due to its central role in

global warming theory through positive water vapor feedback. This feedback is the primary source of global warming
in general circulation models (GCMs). Because the loss of infrared energy to space increases nonlinearly with decreases
in relative humidity, the vast dry zones in the Tropics are of particular interest. These dry zones are nearly devoid of
radiosonde stations, and most of those stations have, until recently, ignored the low humidity information from the

sondes. This results in substantial uncertainty in GCM tuning and validation based on sonde data. While satellite infra-
red radiometers are now beginning to reveal some information about the aridity of the tropical free troposphere, the
authors show that the latest microwave humidity sounder data suggests even drier conditions than have been previ-

ously reported. This underscores the importance of understanding how these low humidity levels are controlled in or-
der to tune and validate GCMs, and to predict the magnitude of water vapor feedback and thus the magnitude of global

warming.

Feedback from the redistribution of water

vapour remains a substantial uncertain_ in

climate models .... Much of the current debate

has been addressing feedback from the tropi-

cal upper troposphere, where the feedback ap-

pears likely to be positive. However, this is not

yet convincingly established; much further

evaluation of climate models with regard to

observed processes is needed.
Climate Change 1995,

IPCC Second Assessment

!. Introduction

Most global wanning predicted by general circula-

tion models (GCMs) is due to positive water vapor feed-

back between water vapor and surface temperature
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variations (Cess et al. 1990; Zhang et al. 1994). Here

we define positive water vapor feedback as a decrease

in the area-averaged clear-sky outgoing longwave radia-

tion (OLRcL R) with an areal average increase in sur-

face temperature, due to specific humidity increases

alone, where averaging occurs over entire tropospheric

circulation systems.' The high level of agreement be-

tween various GCMs on the sign and magnitude of the

vapor feedback has led to considerable confidence in

its existence (Cess et al. 1990; Zhang et al. 1994; In-

tergovernmental Panel on Climate Change 1995). The

turbulent boundary layer, where the air is in "direct"

contact with the surface moisture source, likely con-

tributes positively to the feedback. It is, however, less

obvious how the free troposphere contributes, where

detrainment of cloud condensate is the primary source

of water vapor (Betts 1990; Sun and Lindzen 1993).

Some research has suggested that free-tropospheric

temperature and water vapor are not as closely

LPositive water vapor feedback is sometimes mistakenly inferred

from differencing the OLRs and surface temperatures between

the warm, moist ascending branches and the cooler, drier descend-

ing branches of tropospheric circulation systems. This will always

result in a positive vapor feedback calculation, even if the true

feedback, calculated over entire circulation systems, is negative.
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coupled as climate models suggest during interannual
climate variations (Chou 1994; Sun and Oort 1995).

The dry subsidence zones are where much of the

infrared energy that balances the solar energy being

absorbed by the earth is being lost to space. (e.g.,
Pierrehumbert 1995). Deep convection detrains at

such high altitudes in the Tropics that the relative

humidities (RH) produced in these subsidence regions

have the potential of attaining the lowest values any-
where in the world. A major uncertainty is the amount

of cloud condensate that detrains from the tropical

precipitation systems and moistens the subsiding air
through evaporation (Betts 1990; Sun and Lindzen

1993). Because this detrainment is, by definition, re-

lated to the precipitation efficiency of those systems,
the handling of deep moist convection in GCMs is of

obvious importance. This observation led Renno et al.

(1994) to boldly conclude that, until cloud microphysi-

cal processes such as precipitation efficiency are well

handled, it is premature to make climate change pre-
dictions from them.

Radiosonde information on these dry zones is
scarce. A few radiosonde stations are located on the

periphery of these zones (e.g., Guam and Hawaii), and

even these have a history of neglecting low humidity

observations (RH < 20%) and humidities at tempera-

tures below -40°C. Climate sensitivity studies that

depend upon tropical radiosonde data (e.g., Sinha and

Allen 1994) could produce biased results if those

tropical stations substantially misrepre-

sent the true tropical tropospheric hu-
midity distribution. 100

We will demonstrate that, as the
tropical free troposphere becomes drier, 2oo

OLRcL Rbecomes more sensitive to small 3oo
changes in humidity. We will show evi-
dence from newer west Pacific radio- 4o0

sonde data that hints at the extreme _, 5oo
dryness of these oceanic deserts, even

though these stations are only on the = 6oo

periphery of a dry zone. We will then 7o0
review both satellite infrared and micro-

wave evidence for very low humidities aoo

over broad expanses of the tropical at- 900
mosphere. Finally, we will argue that a

better understanding of how these low looo
0.0

humidities are maintained is required

before we can confidently predict

changes in the equilibrium temperature

of the earth in response to increasing
greenhouse gas concentrations.

2. OLR sensitivity to humidity

The sensitivity of OLRcL R to tropical tropospheric
relative humidity change is much larger at very low

humidities than at very high humidities; it is also

greater for changes in the free troposphere than for

boundary layer humidity changes. To illustrate the

latter point first, we have calculated the sensitivity of

OLRcL a tO additive changes of 3% RH in very thin

layers (Fig. 1) for the Air Force Geophysical Labo-

ratory (AFGL) "average" tropical profiles of temp-

erature and humidity. Also shown is the OLRcL R

sensitivity to multiplicative changes of 3% (1.03

x RH). This latter approach is the same taken by

Shine and Sinha (1991). While they argue that sensi-

tivity to multiplicative changes is physically mean-

ingful, it can be misleading. Taking the extreme

example of a totally dry troposphere, their method

would indicate that a 3% increase in humidity would

have no impact on OLRcL a (because 1.03 × 0 = 0).
Similarly, a 3% magnification of very small humid-

ity values would also produce very weak impacts

on OLR. As we will show, OLRcL R is actually the
most sensitive to humidity fluctuations at the lowest
humidities.

We believe the most meaningful computation is

the sensitivity of OLRcL Rto small additive increments
in RH, as is shown in Fig. 1. The conclusion to be

drawn from Fig. 1 is that OLRcL Ris more sensitive to
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Ftc. 1. For the AFGL tropical humidity profile in (a), the sensitivity of OLR

to increases in RH in 10-hPa layers (b). Results for additive changes of 3% in

RH are solid, multiplicative changes of 3% in layer RH ( 1.03 x RH) are dashed.

The sensitivity curves are normalized to a peak value of 1.
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humidity fluctuations in the free tropo-

sphere (above 700-800 hPa) than in the

boundary layer (below 700-800 hPa).

The nonlinear sensitivity of OLRcL R
to RH changes is appreciated when our

calculations in Fig. 1 are extended to

progressively drier free-tropospheric air

(Fig. 2). In addition to the AFGL tropi-

cal profile, we have adjusted that profile

above 800 hPa to four drier RH profiles

(Fig 2a). By comparing the resulting

OLR sensitivity profiles on the same

scale (Fig. 2b), it is shown that the dri-

est troposphere is the most sensitive to
small fluctuations in RH. The calculated

clear sky OLR increases nonlinearly for

these four humidity cases (Fig. 2c). Due

to this nonlinear relationship, which has

been addressed by Lindzen (1995), hu-

midity fluctuations at 10% RH have

about three times as much impact on

OLRcLR as do fluctuations around 90%

RH. If such low humidities cover a large
fraction of the Tropics, then the mecha-

nisms controlling the humidity levels of

these dry zones is of obvious importance

to understanding the radiation budget of
the earth.
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F]o. 2. (a) Progressivehumidity profiles computedby reducing the free-
tropospheric specific humidity of the AFGL profile between 800 and 100hPa by
multiplicativefactors of 1.0,0.4, 0.2, 0.1, and0.05. This results inheight-weighted
average relative humidities in the free troposphere of 31%, 13%, 6%, 3%, and
1.6%, respectively. (b) Sensitivity of OLR to additive changes of RH of 3% in
10-hPa-thick layers as a function of the humidity profiles shown in (a). (c) The
nonlinear dependence of clear-sky OLR over this range of free-tropospheric RH.

3. Radiosonde evidence

Despite the importance of the tropical and sub-

tropical dry zones to the earth's radiation budget, ra-

diosonde data have not provided much information

on low humidities (Elliott and Gaffen 1991; Garand

et al. 1992; Gutzler 1993). This is especially true in

the subsidence regions of the Tropics where virtually

no stations exist. Most of the tropical sonde data that
are available are from U.S.-controlled stations utiliz-

ing the VIZ sondes. These sondes carry a carbon

hygristor whose response is calibrated in terms of

relative humidity through laboratory measurements.

Until 1993, U.S.-controlled stations ignored humidi-

ties below 20% and temperatures below -40°C. As

discussed by Wade (1994), this was not due to a limi-

tation of the sonde itself but of data reduction proce-

dures. Therefore, a combination of spatial sampling
and data processing procedures have conspired to

leave a gaping hole in our understanding of these
oceanic deserts.

Some evidence for the existence of very low hu-

midities in the tropical free troposphere can be gath-

ered from individual radiosonde soundings at four

west Pacific radiosonde stations that are on the periph-

ery of one of these dry zones during Northern Hemi-

sphere winter. Relative humidities from 1600 VIZ

sonde observations from Yap, Koror, Ponape, and

Truk during January-May of 1994 and 1995 were

combined into a histogram at pressure levels from

1000 to 100 hPa (Fig. 3). Most of the pressure levels

above 850 hPa exhibit frequency distributions that

have an approximate log-normal shape. The levels

below about 700 hPa are seen to be quite moist, gen-

erally 70%-90%, as would be expected for the turbu-

lent boundary layer with the tropical ocean as a

moisture source. Immediately above the boundary layer,

we observe frequent instances of much drier condi-

tions, with a peak in the frequency distribution near
15% RH between 500 and 250 hPa. This separation of

humidity regimes is clear evidence of the very different

processes controlling boundary layer versus flee-tro-

pospheric humidity (Sun and Lindzen 1993). As one
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FIG. 3. Frequency histograms of VIZ sonde relative humidities at pressure levels from 1000 to 100 hPa for a total of 1600 sonde
ascents at Yap, Koror, Ponape, and Majuro in the tropical western Pacific during January-May of 1994 and 1995.

proceeds higher, 2 the average humidity moistens to

form a peak near 35% RH below the tropical tropo-

pause, which is usually near 100 hPa.

In summary, these four west Pacific stations ex-

hibit a very moist boundary layer, often overlain by

very dry air in the lower free troposphere, which is

in turn overlain by moister air in the upper tropo-

sphere. This is conceptually consistent with Sun and

Lindzen (1993), who examined deep convection as

the primary source of free-tropospheric humidity

through detrainment by deep convective precipitation

systems. As the condensate detrained into the upper

troposphere by deep convection subsides and evapo-

rates, it moistens the air, but the RH-drying effect of

the subsidence-induced warming overwhelms the

moistening. This results in a lowering of RH as air

parcels move from the upper to the lower free tropo-

2All relative humidities discussed in this article are with respect
to saturation over water, not ice. Thus, a 35% humidity at 150 hPa

occurs at such low temperatures that we would expect satura-
tion to occur with respect to ice, not water. Relative humidity =
35% at 150 hPa then becomes about 70% with respect to ice satu-
ration at the average temperature of-67°C.

sphere. This is also consistent with data from the

Stratospheric Aerosol and Gas Experiment (SAGE;

McCormick et al. 1993), which produced a climatol-

ogy of tropical humidities for the upper troposphere

for cloud-free regions of the Tropics. It too showed

the upper troposphere to be somewhat moister than

the middle troposphere, with zonally averaged hu-

midities quite low, between 10% and 20%.

Is this sampling of radiosonde data from these four

west Pacific stations representative of the dry zones

of the Tropics? We will show satellite evidence that

the driest humidities from the sondes are probably still

too moist to be representative of the dry zones. There
is calibration evidence from the sondes themselves

that lead to the same conclusion. Wade (1994) exam-

ined in detail the history of the National Weather Ser-

vice procedures for not reporting RH below 20%.

Despite the lifting of this moratorium in 1993, newer

laboratory calibration data were not included for con-

verting the carbon hygristor resistances to humidity

at low humidities. According to Wade, this has led
to an artificial lower limit on VIZ humidities of about

13%-14%, which is consistent with the peak in the

midtropospheric frequency distributions shown in
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Fig. 3. Therefore, even these new VIZ sonde low hu-
midity reports presented in Fig. 3 have a moist bias.

4. Satellite measurements

Satellite infrared radiometers with water vapor

sounding channels have begun to reveal the aridity of

the tropical subsidence zones. In particular, the 6.7-/1m

channels of the High Resolution Infrared Sounder

(HIRS) carried by the National Oceanic and Atmo-

spheric Administration's polar orbiters and by the Geo-

stationary Operational Environmental Satellite (GOES)

and Meteosat geostationary satellites have been most

utilized for this purpose. For instance, Salathe et al.

(1995) showed that, compared to HIRS 6.7-/.tm ob-
servations, the Goddard Laboratory for Atmospheres

GCM did not dry the troposphere sufficiently in the
subsidence zones when forced with SST anomalies

associated with E! Nifio-Southern Oscillation (ENSO)

events. Other model comparisons to the water vapor
channel data were made for the European Centre for

Medium-Range Weather Forecasts (ECMWF) and the
National Center for Atmospheric Research Commu-

nity Climate Model (NCAR CCM) by Soden and
Bretherton (1994); by Chen et al. (1996) for the

fourth-generation Hamburg climate model (ECHAM)

GCM; and by Schmetz and van de Berg (1994) for

ECMWF compared to the Meteosat water vapor chan-
nels. A common theme has been that the models'

analyses were not dry enough in the dry zones, which

was attributed by Salathe et al. to convective param-
eterization insufficiencies. More recent retrievals with

6.7-/.tm data (Stephens et al. 1996) suggest that inclu-
sion of the water vapor continuum absorption can reduce

retrieved humidities even further. We will present new

passive microwave evidence that these dry zones are at

least as dry as the infrared studies have suggested.

The Special Sensor Microwave humidity sounder

(SSM/T-2) flying on the Defense Meteorological Sat-
ellite Program (DMSP) F- 11 and F- 12 satellites has

three water vapor sounding channels at 183.3_+1 GHz,

+3 GHz, and _+7GHz. The data are calibrated in terms

of brightness temperature (T b) through linear inter-

polation between a cosmic background view (as-
sumed to be 2.7 K) and a view of an onboard high

emissivity calibration target whose temperature is

monitored with redundant platinum resistance ther-
mometers. This is the same calibration strategy uti-

lized for the Microwave Sounding Unit (MSU) data

used by Spencer and Christy (1992) for global tern-

perature monitoring. The SSM/T-2 spatial resolution
at nadir is approximately 50 km, and 28 measure-

ments (footprints) make up a single scan line. Aircraft

underflights of this instrument have helped to vali-

date the absolute accuracy of the Tb, which should not
be worse than about 1°-2°C (Falcone et al. 1992). The

rms noise of individual footprint measurements is ap-

proximately 0.4°-0.6°C. Because we will be interpret-

ing T b values very close to the temperature of the
warm target, any uncertainties arising from interpo-

lation between it and the cosmic background tempera-

ture are greatly reduced. Furthermore, because an
incremental change in relative humidity causes the

largest change in T b at the driest humidities, we have

highest confidence in the lowest humidity inferences

made from the system.
While a microwave measurement is much less

sensitive to cirrus cloud contamination than is an in-

frared measurement, the microwave measurements

are still degraded if thick, ice-laden clouds are present.
Under these heavy cloud conditions the microwave

T b will have a cold bias, which would be misinter-
preted as excess water vapor. In our analysis, all T b
that fall below a threshold corresponding to 100%

saturation with respect to an ice-water mixture are set
to that threshold value. In the context of this study,

any remaining contamination will cause high humid-

ity regions to be too humid, while dry regions should
have little if any residual contamination.

The retrieval of humidity profiles from satellite

sounder channels is complicated by assumptions about
the vertical distribution of humidity (e.g., Braswell

and Spencer 1996). Here we have chosen to use the
method of Soden and Bretherton (1993), who intro-

duced a simple interpretation of the T b in terms of a

weighting function-weighted average relative humid-

ity. While that method was developed for the infra-

red water vapor channels, we will show that it can be

applied to the SSM/T-2 183.3-GHz channels as well.

Of particular interest will be the finding that the mi-
crowave observations produce relative humidities

considerably drier than the infrared observations in the

dry zones. Possible explanations for this discrepancy
in terms of maximum sensitivity of the IR measure-

ments to cirrus hydrometeors and/or the broadness of

the IR weighting functions will also be discussed.
The three SSMFF-2 channels' weighting functions

are shown in Fig. 4 for two of the moisture profiles

shown in Fig 2: the AFGL tropical profile and the

average RH = 6% profile. It can be seen that the alti-

tude of sensitivity to humidity increases with humid-
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FIG. 4. (a) Weighting functions for the SSMrI'-2 183-GHz channels for the
AFGL tropical profile and (b) a humidity profile created by reducing the free-
tropospheric RH in the AFGL tropical profile by a factor of 0.2. The height-
weighted free-tropospheric RH for (a) and (b) is 31% and 6%, respectively. These
weighting functions represent the sensitivity of brightness temperature to additive

changes of RH in thin layers of constant thickness in log pressure. The curves
have been normalized to give an area of 1 when integrated over log pressure.

ity. In the presence of a substantial lapse rate, as is

characteristic of the Tropics, this means that the more

humid the atmosphere, the colder the Tb; the drier the

air, the warmer the T b. The same interpretation ap-

plies to the infrared humidity sounding

channels as well.

Below, we will interpret the T b in terms

of relative humidity. But first we will com-

pare the satellite measured T b to those cal-
culated from radiosonde ascents at Guam

during 1994. This is the most straightfor-

ward comparison that can be made be-

tween the satellite and radiosonde data. For

Guam (Fig. 5) we find that the warmest

(and thus driest) T bare about 10°C warmer
in the satellite data than when calculated

from the sonde data. This was also true

for Hawaii, and Key West, Florida (not

shown). This is a substantial difference

and supports the reported tendency of the

VIZ sondes to be too moist at low hu-

midities, as discussed above.

We now examine the quantitative

interpretation of the SSM/T-2 T b in

terms of RH. Following Soden and

Bretherton (1993), we find their loga-

rithmic transform between T b and

weighting function-weighted RH

provides an excellent correlative rela-

tionship when applied to numerous radiosonde pro-

files from Guam at the SSM/T-2 channel frequencies

(Fig. 6). The solid lines in Fig. 6 represent best fits

of the Soden and Bretherton formula,
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F|G. 5. Comparison of SSM/T-2 brightness temperatures measured near Guam to brightness temperatures computed from radiosonde

soundings at Guam. Each point matches a single satellite brightness temperature to a brightness temperature computed from a single
sonde ascent on the same day. Only satellite measurements within 100 km of the sonde station were used. In an attempt to remove
the effects of ice scattering in deep convective regions, only satellite measurements on a given day within the 100-kin radius and
with a spatial standard deviation of less than 2 K were included. All possible pairs of satellite measurements and sonde measurements

on a given day are plotted. When computing the sonde brightness temperature, the view angle of the satellite measurement being
paired with was used.
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In(RH) = a + b T b (1)

to the sonde data. Very little difference in diagnosed

humidities were found when Key West data were used

for training instead of Guam data. The relationship in

(1) was applied to limb-corrected T b from the 183.3-
GHz channels of the SSM/T-2 to compute tropical

relative humidity.
While it has been common for the results of the

satellite infrared humidity retrievals to be presented

as monthly, seasonal, or annually averaged fields, the

nonlinear relationship between humidity and OLRcL R
suggests that daily gridpoint humidity information is

necessary to correctly infer the net time- and space-

averaged OLRcL R effects from the humidity fields.
First, frequency histograms of daily

gridpoint RH from the 183.3+l-GHz

channel (RH±_, Fig. 7) illustrate the ex-
treme dryness of much of the area within

the Tropics (+30 ° latitude). A peak is

seen in the frequency distribution at 9%

during January 1994 and at 6% during

July 1994. Approximately one-half of

the Tropics are covered by RH±_ < 20%.
Individual gridpoint humidities fall as
low as 2%. Because near saturation of

the tropical free troposphere is only

found within and in the vicinity of deep

convection, relatively few observations

reach the saturation range of 60%-80%

(assuming some saturation is with re-

spect to ice or an ice-water mixture for the +1 GHz

channel). Humidity frequency distributions for the +3

channel (RH±3) reveal slightly moister conditions, and

the +7 channel (RH±?) indicates still higher humidi-
ties. This is qualitatively consistent with Soden and

Bretherton (1996), who also found average drying

from the middle to the upper troposphere based on

HIRS 6.7-, 7.3-, and 8.3-pm data. The higher humidi-

ties in the lowest peaking channel seem reasonable in

light of its substantial contribution from the moist

boundary layer. However, the upper (+ 1 GHz) chan-

nel being slightly drier than the middle (+3 GHz) chan-

nel seems peculiar in light of the radiosonde and
SAGE evidence presented earlier for subsidence-

induced drying of the midtroposphere. Based upon our

January 94 July 94

1 X105_ 8X104_

 x°flJ..........I 1
11,, 1

0 20 40 60 80 1 O0 0 20 40 60 80 1 O0

RH RH

FIG. 7. Frequency distributions for daily tropical SSM/T-2 relative humidity

for January and July 1994. The total number of measurements differ for the two

months because of missing days in July.
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analysis of individual radiosondes at Guam during the

winter dry season, we believe this is the result of the

midtroposphere _+3-GHz channel weighting function

picking up some signal from the very moist bound-

ary layer, where the relative humidity averages 80%-
90%.

Monthly average gridpoint RH±_ are shown in
Fig. 8 for January and July 1994. Even on monthly

timescales, areas are seen for which average RH±1 falls
below 10%. These humidities are about 5%-10%

lower than those calculated from 6.7-#m data by Chen

et al. (1996). They are somewhat closer to, but still

drier than, the humidities calculated by Stephens et al.

(1996) from 6.7-#m data. Stephens et al. included

water vapor continuum absorption in their calculations

and state that uncertainties in the value of this absorp-

tion can cause 15%-25% uncertainty in the relative
humidity estimates from the infrared data, although

the uncertainty is reduced to about 5% at RH = 20%.
Because the microwave observations are dominated

by the water vapor emission line absorption at

183.3 GHz, they are not affected by this source of un-

certainty. Thus, the microwave humidities might even

help to determine the magnitude of the infrared con-
tinuum absorption.

Another potential source for the disagreement be-
tween the infrared and microwave humidities is

weighting function shape. There is some evidence that

the 6.7-/_m weighting function is broader than that at
183.3___1 GHz. This would cause additional moisten-

ing of the very dry midtropospheric signal through

vertical averaging with higher humidities above and

below the dry midtroposphere. We are working with
B. Soden to understand these differences.

5. Summary and conclusions

We have shown that clear-sky OLRcL Rfluctuations
are most sensitive to humidity fluctuations in the

middle and upper tropical free troposphere and that

this sensitivity is greatest at the lowest humidities.

Tropical radiosondes have only hinted at the geo-
graphical extent and potential aridity of tropical free-

tropospheric air, due to a combination of poor spatial

sampling and a continuing moist bias in the VIZ

sonde-computed humidities at the dry end of the scale.

Satellite infrared humidity measurements in recent

years have revealed moist biases in GCMs and nu-

merical weather prediction models. Adding to this
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evidence, we have presented new passive microwave

humidity sounder data that reveal even drier condi-

tions than have been reported by the infrared sound-

ers, with a peak in the tropical frequency distribution

of RH__ between 5% and 10%; approximately one-half

of the Tropics are covered by RH+_ 1 < 20%. Some of

the daily humidity measurements fall to about 2%.

The nonlinear sensitivity of clear-sky OLR to hu-

midity fluctuations at low humidities makes the newer

satellite evidence of extreme aridity of particular im-

portance to global warming predictions from GCMs.

Because the source of most tropical free-tropospheric

humidity is cloud detrained from deep convective

systems, accurate GCM convective parameterizations

of cloud microphysical processes, such as precipita-

tion efficiency, are ultimately required to match the

observed humidity distributions. As the climate sys-

tem warms or cools, any changes in these microphysi-

cal processes must also be known in order to correctly

predict the associated humidity changes and thus

changes in OLR and the water vapor feedback on tem-

perature. Thus, the evidence for widespread dry air

makes accurate convective parameterizations even

more critical for global warming predictions.
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